The main objective of this study was to evaluate the efficiency of a granular filtration system (GFS) in greywater treatment under arid and semi-arid conditions. Six GFSs were designed, constructed, and monitored for approximately 13 months. Each GFS served a single rural Jordanian home by treating their greywater. Volcanic tuff media were used as the filtration media in three of the GFSs while the remaining three GFSs used gravel media. Results show that the biological oxygen demand, chemical oxygen demand, and total suspended solids of the effluent were significantly lower as compared to the influent and demonstrated a removal efficiency of 73%, 65%, and 85%, respectively, when using volcanic tuff media. The removal efficiency was 49%, 51%, and 76%, respectively, when using gravel media. There was a significant increase in the electrical conductivity, pH, potassium (K þ ), magnesium (Mg 2þ ), chloride (Cl À ), sodium (Na þ ), sulfate (SO 4 2À ), bicarbonates (HCO 3 À ), sodium adsorption ratio, and exchangeable sodium percentage in the effluents of the GFS that used volcanic tuff media. The study suggests that GFSs can adequately treat greywater under arid conditions. However, gravel media produce less concentrated effluent compared to the volcanic tuff media.
INTRODUCTION
Wastewater and greywater recycling is an emerging strategy that is being implemented worldwide to supplement water resource portfolios (Etchepare & van der Hoek ). Different greywater reuse applications require different water quality specifications and thus demand different treatments (Li et al. ) . According to Nolde () , greywater treatment techniques should satisfy four criteria: hygienic safety, aesthetics, environmental tolerance, and technical and economic feasibility. Moreover, Gross et al. () added a fifth important aspect of greywater recycling systems, namely that these systems should be inexpensive and easily maintained by unskilled operators. However, these economical and technical aspects remain a challenge for the implementation of these systems (Ammari et al. ) . Regrettably, greywater is mainly disposed of without treatment because there is no provision for its treatment (Katukiza et al. ) .
Technologies that are used in greywater treatment include physical, chemical, biological, and natural systems, or a combination of these (Li et al. ; Boyjoo et al. ) . Natural greywater treatment systems are considered the most environmentally friendly and cost-effective technology for greywater treatment and reuse (Li et al. ; Boyjoo et al. ) . Natural greywater treatment systems such as granular filtration and constructed wetlands are extended systems that use natural media for filtration and biological degradation. A granular filtration system (GFS) is used to remove particulates, organisms, and sediment/solids and to enhance the subsequent disinfection process in water/wastewater treatment (Tang et al. ) . Granular filtration can be classified as slow sand filtration or high-rate granular filtration. Slow sand filters operate at filtration rates of less than 0.4 m h À1 ; the filtration rates for high-rate filters are typically 5 to 25 m h À1 (Au ) . Slow sand filtration has several other names including intermittently operated slow sand filtration, Manz filter, and biosand water filter, depending on the author (Manz & Eng ) . Granular filtration treats influent water through physical filtration, chemical transformation, and biological processes in the biofilm developed by microbial growth as a response to the nutrients present (Ciuk Karlsson ). The construction, operating, and maintenance costs of granular filtration are low, but the land requirements are high. Therefore, this technology is attractive for developing effective and inexpensive water treatment methods in small communities in developing countries (Manz & Eng ) .
The efficiency of various sand filter designs (i.e., gravel filter down flow, gravel filter up flow, sand filter down flow, gravel filter followed by sand filter (GFSF), and horizontal flow sand filter (HFSF)) as a greywater secondary treatment step for the primary sediment effluent were studied by Abdel-Shafy et al. () . Result revealed that using GFSF or HFSF for the treatment of greywater is a promising, simple, and low-cost technique. The residual concentration of chemical oxygen demand (COD), biological oxygen demand (BOD 5 ), and total suspended solids (TSS) for GFSF was 43, 16, and 7.5 mg L À1 , respectively, while the corresponding concentration for HFSF was 40, 17, and 9 mg L À1 , respectively. Moreover, Sabbah et al. () found that sand filters removed about 90% of the BOD 5 and 80% of the COD in rural communities in the Middle East.
Using another filter medium rather than the sand could make the filter and filtration systems more accessible and enhance the removal of pollutants. In this regard, Katukiza et al. () developed a two-step crushed lava rock filter for household greywater treatment in Uganda. They found that a lower hydraulic loading rate of 0.39 m day À1 resulted in higher removal efficiencies. Scholz & Xu () investigated the treatment efficiency of five granular media with different adsorption capacities (i.e., gravel, sand, granular activated carbon, charcoal, and Filtralite (i.e., light expanded clay)), and found that the overall filtration performance in terms of BOD 5 , lead, and copper removal was similar for all filters during the 10 month study period. However, Dalahmeh et al. () found that greywater treatment with bark or charcoal as filter materials outperformed sand as a filter medium. For developing world countries and in countries where well-graded sand is not available or its transport is costly, it is important to explore locally available filtration materials and use these in a simple water treatment method, in order to achieve cost-effective and sustainable greywater treatment systems (Nansubuga et al. ).
To provide a greywater treatment system with the intended features mentioned above, this study focuses on GFS design, and uses it as an appropriate decentralized greywater treatment system in rural arid and semi-arid areas. The GFS was composed of three treatment stages: pre-treatment (i.e., sedimentation and screening), main treatment (i.e., granular media filtration bed (FB)), and posttreatment (i.e., filtration). Two different local media were used as a granular medium (i.e., volcanic tuff and the gravel). In addition, two processes were included in the GFS: the supplying of oxygen to the collection barrel at the front end of the main treatment stage and the physical separation of fat and grease in the pre-treatment stage.
The main objectives of this study were to evaluate the efficiency of GFS in greywater treatment using the two different media (volcanic tuff and gravel). Six GFSs were used to treat greywater and were monitored from October 2010 to November 2011. The biological and chemical characteristics of the greywater before and after treatment were compared. The GFSs were implemented in the Almshaqar area of central Jordan, an area with semi-arid climatic conditions.
MATERIAL AND METHODS

Site description
This study was implemented in the Almshaqar area of central Jordan, 28 km south-west of Amman, at 780 m elevation from sea level. The average annual precipitation is 360 mm, and the average monthly temperature range is 10.2-22.9 W C. The mean annual evaporation rate based on Class A pan is 2,446 mm (according to Almshaqar weather station data). Figure 1 shows the location of the study area. The Jordanian National Center for Agricultural Research and Extension has a benchmark site for greywater treatment and reuse in the study area. Six GFSs were constructed there and used as the experimental sites to treat greywater from different households. Each GFS served a single home by treating their greywater and recycling it for home garden supplementary irrigation (i.e., olive and fruit trees). There was an average of seven members per household, and the average greywater effluent flow was 250 L day À1 per household.
Working principle and components of the GFS Figure 2 shows the construction design of the GFS. It consists of the following:
1. Greywater sources: high strength mixed greywater from the kitchen, washer, shower, and sink were the influents of the GFS. 2. Pre-treatment stage: the steps in this stage included the following: (a) Sedimentation and screening: a sedimentation manhal (50 × 50 × 50 cm) was placed underground, where the solid materials settled. Two sieves (5 mm mesh sizes) were installed at the manhal inlet and outlet, and both sieves were used to screen the greywater. A manual valve installed in the bottom of the manhal was used to send the settled solid sediment to the cesspool.
(b) Fat and grease separation phase: a 100 L polyethylene barrel was used to separate fat and grease from the rest of the influent. The fat and the grease floated on the water surface and were transferred to the cesspool, whereas the lower part of the water was siphoned off and moved by gravity to the main granular media FB. Another important function of this barrel was to regulate the greywater's inflow to the FB, and to equalize the quality and temperature of the greywater. (c) Manual valve: this valve could be used to send raw greywater to a cesspool during maintenance, in case of an emergency, or if the family needed to leave the home for a while. 3. Main treatment stage: the FB is the main treatment stage in the GFS. The dimensions of the FB were 4 m × 1 m × 0.6 m (L × W × D), with a basin slope of 1%. Medium-sized volcanic tuff (7-14 mm in diameter) was used as the FB media in three GFSs, while the other three GFSs used medium-sized gravel (7-14 mm in diameter) as their FB media. Water flowed horizontally and subsurface inside the FB. A small 
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A. Albalawneh et al. | Greywater treatment by granular filtration system using volcanic tuff and gravel media Water Science & Technology | 75.10 | 2017 submersible air compressor (capacity: 7 W, demand height: 0.6 m, achievement max airflow: 250 L/h) was used to supply oxygen to the collection barrel at the front end of the FB bed. An automatic submersible pump was installed in the lower collection barrel. An overflow pipe was set up from the submersible pump in the collection barrel to the screen filter. 4. Post-treatment stage: a screen filter (3 mm) was used as a final treatment stage.
In this study, the term 'tuff-GFS' refers to GFSs that contain volcanic tuff media and 'gravel-GFS' refers to GFSs that contain gravel media in their FB. Figure 3 shows photographs for the tuff and gravel GFSs.
Filtration media
A local supplier provided us with volcanic tuff and gravel media. The following media features were requested of the supplier. Both volcanic tuff and gravel were sieve-analysed according to ASTM (), and hydrochloric acid solution (1 M) was used to wash the volcanic tuff. The volcanic tuff was obtained from the north-eastern Jordan deposits (Aritayn area). Volcanic tuff grain size distribution ranged from 7 to 14 mm, the effective grain size D 10 was 7.8 mm, D 60 was 10.5 mm, and the uniformity coefficient was 1.4. The gravel medium was obtained from the Madaba area of central Jordan, and the gravel grain size distribution ranged from 7 to 14 mm, the effective grain size D 10 was 8.1 mm, D 60 was 11.1 mm, and the uniformity coefficient was 1.4.
Volcanic tuff and gravel were selected as media for treatment as both have good history in water treatment and are available in Jordan at an affordable price (Al-Anber & Al-Anber ; Yousef et al. ; NRA ).
Greywater flow rates
A water meter was installed before the sedimentation manhal to measure the influent flow rate.
The influent flow rate occurred as discrete flow pulses with insufficient overlapping to create a continuous flow during the day. Furthermore, the flow rate was zero (i.e., no flow) at night. Therefore, the water meter did not work properly and the system was operated under uncontrolled intermittent flow conditions. The GFS operated on average 12 times per day. Dosing range was 6-25 times day À1 . The hydraulic loading rate was 62.5 L m 2 day À1 . The influent flow rate was calculated to be 70% of the total water consumption.
Greywater quality monitoring
The GFSs' influent and effluent water quality were monitored using the Jordanian National Center for Agricultural Research and Extension's facilities. The influent and effluent samples were collected and analysed monthly. The water quality monitoring lasted 13 months, from October 2010 until November 2011. One hundred and fifty-six water samples were collected and analysed for 12 different water quality parameters.
The chemical and biological characteristics of greywater used in this study include: BOD 5 , COD, pH, electrical conductivity (EC), SO 4 2À , Mg 2þ , HCO 3 À , Cl À , Na þ , K þ , TSS, sodium adsorption ratio (SAR), and calcium (Ca 2þ ). The samples were analysed according to Standard Methods for the Examination of Water and Wastewater (APHA ).
Statistical analyses
SPSS 16.0 software was used for statistical analyses of the water results. Significant differences between influent and effluent concentrations and mass flow were determined using the one-way ANOVA (analysis of variance) test, where α ¼ 0.05. The removal efficiency (%) was calculated based on mass flow difference between the effluent and influent relative to the influent. 
RESULTS AND DISCUSSION
Raw greywater quantity
Greywater is generated as a result of the living habits of the people involved, the products used, and the specific user patterns; therefore its characteristics are highly variable (Eriksson et al. ; Uddin et al. ) . In this study, the average number of members per household was seven, and the average amount of greywater generated was 250 L day À1 , which is less than the estimated Jordanian household average of 50 L p À1 day À1 (Faruqui & Al-Jayyousi ) . It is also considered very low when compared to typical greywater volumes of 90-120 L p À1 day À1 that are found in countries with no water shortage (Morel & Diener ) . The low amount of generated greywater might be due to the low availability of water as a resource, the intermittent nature of the water supply, and to regional differences in water consumption in Jordan (Halalsheh et al. ; Ammari et al. ) .
Raw greywater quality
Results of the chemical and biological characteristics of the raw greywater generated in this study are shown in Table 1 .
Comparisons between these characteristics and the Jordanian standard for reclaimed greywater, the results from a previous study in the same region, and typical wastewater quality are shown in Table 1 . Raw greywater quality parameters can then be re-classified into three groups as follows: (a) higher than the Jordanian standard's maximum allowable concentration (i.e., TSS, BOD 5, and COD), (b) within the maximum allowable concentration (i.e., pH, Ca 2þ , Mg 2þ , Na þ , Cl À , SO 4 2À , and SAR), and (c) non-limited parameters (i.e., EC and K þ ). Based on above comparisons, the raw greywater quality is satisfactory compared with Ammari et al. () , and the greywater quality of both studies was nearly identical to typical wastewater quality in Jordan (Ulimat ) . Similar to this finding, Halalsheh et al. () found that raw greywater quality was higher than that of concentrated sewage. In this study, including kitchen water in the greywater stream played a major role in increasing the concentration of organic contaminants and TSS. This was in agreement with the findings of prior studies that found that excluding kitchen water significantly reduced the organic load and total solids ( According to the Jordanian standard for chemical and biological characteristics of reclaimed greywater.
the maximum allowable concentration under Jordanian standards. Therefore, the greywater was not suitable for irrigation reuse unless it was well-treated. These results correspond well with the results of prior studies that found that direct, untreated greywater use would pose health risks to human beings and their environment, and concluded that greywater should be treated to a higher standard before reuse ( 
GFS removal efficiencies
The results of the concentration, mass flow, and removal efficiencies of BOD 5 , COD, and TSS are shown in Table 2 . Results show that both tuff-GFSs and gravel-GFSs significantly reduced BOD 5 , COD, and TSS in their effluents. The removal efficiency of these parameters reached 73%, 65%, and 85%, respectively, in the tuff-GFSs, as compared to the gravel-GFSs where they reached 49%, 51%, and 76%, respectively. Despite the biodegradability (BOD 5 / COD) in the tuff-GFSs being 0.5 and 0.56 in the gravel-GFSs, the tuff-GFSs were more efficient than the gravel-GFSs in removing BOD 5 , COD, and TSS. Concentration and mass flow for all of the studied chemical parameters increased after passing through the tuff-GFSs (Table 3) . These increases were significant for pH, HCO 3 À , Mg 2þ , Na þ , Cl À , K þ , SO 4 2À , and SAR. However, the increase in Ca 2þ was not significant. Therefore, the EC in the tuff-GFSs effluents reached 1.49 dS m À1 , whereas it was 1.27 dS m À1 in the influent. On the other hand, there were no significant differences between concentration and mass flow of the studied chemical parameters after passing through the gravel-GFSs, as shown in Table 3 . BOD 5 , COD, and TSS removal efficiencies of tuff-GFSs were comparable to prior studies (Dalahmeh et Table 4 . The gravel-GFS removal efficiencies for these same parameters were almost lower than in those studies. Possible reasons for moderate removal efficiencies in both tuff-GFSs and gravel-GFSs include the low levels of degradable organic matter in the influent, as well as the anoxic condition inside the FB that tends to slow down the biooxidation process. Dalahmeh et al. () pointed to the anaerobic condition inside their sand filter as a possible reason for decreased removal rates. In GFSs, the BOD 5 and COD removal mechanisms are mainly due to the aerobic and anaerobic degradation of organic compounds by the microorganisms that are attached to the media surface (Vymazal & Kröpfelová ; Rani et al. ) . Sedimentation also contributes to BOD 5 removal, whereas the removal of suspended solids is accomplished via sedimentation and filtration (Vymazal ).
Even though the tuff-GFSs were more efficient than the gravel-GFSs in removing BOD 5 , COD, and TSS, they tended to concentrate the major anions and cations in their effluent. The variation between the two media efficiencies might be mainly due to the variation in their physical properties. Volcanic tuff medium (also known as natural zeolite or zeolite tuff) is an aluminium silicate with a three-dimensional structure (Al-Anber & Al-Anber ). Tuff is characterized by a porous structure with cages and large interconnected spaces and channels, and this porous structure provides more surface area for treatment. Almjadleh et al. () studied a Jordanian volcanic tuff with a particle size range of 6-14 mm and a particle mean diameter of 10 mm and found that the tuff had 41.2 m 2 /g BET surface area (BET: Brunauer-Emmett-Teller). The specific surface area of natural and modified zeolites ranges from 5 to 91 m 2 /g BET surface area (Margeta et al. ) . The porous nature of tuff allows the diffusion of charge-satisfying cations and water molecules into and out of the structure (Ammari et al. ) . In contrast, gravel is characterized by a smooth and soft surface. Two smooth crushed larva rocks with particle size range 2.6-5.0 mm and 1.2-2.6 mm had 2.96 m 2 /g and 3.18 m 2 /g BET surface area, respectively (Katukiza et al. ) . It is expected that the gravel media had a specific surface area that was less than 2.96 m 2 /g, as in the Katukiza et al. study . Variation between volcanic tuff and gravel surface areas will lead to varying degrees of chemical reactions. These results correspond well with the results of Rani et al. () , who found that media that provide more surface area for treatment create higher treatment efficiencies. The results also align with Dalahmeh et al. () , who pointed out that the small specific surface area of the media limited the efficiency of the filtration process. The chemical composition of the volcanic tuff and the gravel are shown in Table 5) . A rough comparison between the volcanic tuff and the gravel media indicates that Al 2 O 3 and CaO were highly available in the tuff, whereas Fe 2 O 3 and K 2 O were higher in the gravel. The differences in the chemical composition of the two media did not result in any significant differences in the effluent water quality.
The concentration and the mass flow for all the studied parameters showed similar trends after being passed through the GFSs, and this is a reasonable result: as the GFS was a low evaporation system, all GFS stages were covered, and the water flowed subsurface in the FB. We assume that the main source of water-soluble metals in the effluents is the medium itself. For example, the high concentration of sulfate in the effluent of tuff-GFSs might have come from the dissolution of gypsum. Gypsum dissolution is mainly determined by the Darcy velocity and the water condition (Kuechler et al. ) . Gypsum might be mixed with the media from its natural source. Moreover, the large surface area of tuff and its high cation exchange capacity, which ranges from 220 to 520 cmol c kg À1 (Margeta et al. ) , might be the cause of the tuff-GFSs concentrated effluents. Figure 4 shows the removal efficiencies and mass flow changes for the EC, BOD 5 , COD, and TSS within the study period. Results indicate that there were no clear trends in BOD 5 , COD, and TSS removal efficiencies over time. The EC mass flow changes in the gravel-GFSs fluctuated highly, and this trend was unstable in both the graveland tuff-GFSs. The influent mass flow of TSS, BOD 5 , and COD fluctuated greatly over the study period. However, 13 months of influent and effluent monitoring might not be sufficient to reveal the trend of removal efficiencies in both gravel-and tuff-GFSs. Moreover, GFSs did not show any clogging problems within the study period. This might be related to the media grain size distribution, which ranged from 7 to 14 mm.
Performance of GFSs over time
CONCLUSIONS
The GFS using either volcanic tuff or gravel media were efficient in removing the studied organic pollutants and TSS from the raw greywater. The GFS with volcanic tuff media was more efficient in treating organic contaminants and TSS than one with gravel media. However, there was a concentration of the major anions and cations in the volcanic tuff effluent but not in the gravel media effluent. In arid areas, using water with such concentrated effluents for irrigation might pose a threat to the soil and to overall environmental sustainability. Finally, a GFS with media suitable for microbial growth and sufficient surface contact with greywater is suggested for future implementation. However, further research studies are still needed to investigate the appropriate media selection, hydraulic loading rates, and the related design combinations.
